In this experiment, the cross-talk between Notch and the NF-κB signaling pathway was examined to reveal the mechanism of slowing down the type II collagen (ColII) and aggrecan degeneration affected by inflammatory cytokines.
| INTRODUCTION
Approximately 84% of the worldʼs population experiences lower back pain at a certain time, and approximately 10% suffer from chronic disabilities. 1 As a disease with the second-highest incidence, lower back pain has considerably affected the quality of life and caused a large economic burden. The most common cause of lower back pain is intervertebral disc degeneration. 2 An in-depth understanding of the etiology of intervertebral disc degeneration is beneficial for the optimal treatment of intervertebral disc degeneration and the development of new drugs to combat disc degeneration. Intervertebral disc degeneration is characterized by the expression of type II collagen (ColⅡ) and protein polysaccharides in the intervertebral disc, thereby reducing the elasticity modulus of the intervertebral disc as well as causing the loss of water and a decrease in altitude. Inflammatory factors play an important role in intervertebral disc degeneration, which leads to pathological reactions, such as matrix degradation, cell senescence, apoptosis, and nerve and blood vessels entering, thereby inducing severe degeneration and pain in the intervertebral disc. 3 The significant increase in the expressions of inflammatory factors and matrix metalloproteinases in the intervertebral disc is closely related to the activation of the NF-κB signaling pathway, and these substances are the downstream target genes of NF-κB signaling pathways. 4 The activation of this pathway in nucleus pulposus cells of degenerative intervertebral disks is significantly higher than that in a normal intervertebral disc nucleus. 5 Therefore, in studies on intervertebral disc degeneration, the abnormal activation of this pathway should be regulated; this regulation consequently inhibits such an abnormal activation in a mouse intervertebral disc degeneration model and significantly increases the expression of ColⅡ and aggrecan protein in the intervertebral disc. 6 In an organ culture of ox bone intervertebral disc, the release of matrix metalloproteinases significantly decreases after the NF-κB signaling pathway is inhibited. 7 Notch is a single transmembrane receptor protein that can widely regulate cell life. This protein is composed of three parts, namely, the extracellular domain, transmembrane region, and cell area, and each part plays different roles that determine the function of a Notch receptor protein.
Mammals have four species of Notch receptors, including Notch1, Notch2, Notch3, and Notch4. When a Notch receptor is activated, it is cleaved by γ-secretase enzymes, released into the intracellular region, and transferred to the nucleus. A known Notch-specific inhibitor is N-[N-(3, 5-difluorophenacetyl)-1-alanyl]-Sphenylglycine t-butyl ester DAPT. 8 The correlation between the Notch signaling pathway and inflammation has been observed, and studies have shown that many inflammatory diseases, such as rheumatoid arthritis, 9 systemic lupus erythematosus, 10 atherosclerosis, 11 primary cholestasis, and bacterial or viral infection, 12 occur when the Notch signaling pathway is active. Therefore, we would like to determine whether the secretion of proinflammatory factors and the activation of the inflammatory pathway are related to the Notch signaling pathway in intervertebral disc degeneration and whether the inflammation can be controlled through the Notch signaling pathways. In this study, mouse intervertebral disks and human nucleus pulposus cells (hNPCs) were investigated to establish degeneration models. Our results confirmed that numerous activation sites were found in the NF-κB signaling pathway, the activation of the NF-κB signaling pathway was difficult to effectively inhibit by single site inhibitors, and activation sites in the Notch signaling pathway were relatively single. Considering that DAPT can suppress the entire pathway, we hypothesized that NF-κB and Notch signaling pathways were implicated in the degeneration of nucleus pulposus cells, and the Notch signaling pathway was activated after DAPT inhibited the NF-κB pathway. The mechanism of DAPT in the degeneration of nucleus pulposus cells under the action of inflammatory factors was also explored.
| MATERIALS AND METHODS

| Animals
Male B6 mouse (6 weeks of age) was obtained from the Model Animal Research Center of Nanjing University (Nanjing, China). Animals were maintained at room temperature with free access to water and food. All the experimental procedures were performed with the approval of the Experimental Research Institute of the First Affiliated Hospital of Nanjing Medical University.
| Cell and mouse intervertebral disks treatment
Four groups of a mouse intervertebral disks organ culture and hNPCs were prepared: Normal group, Degeneration group: IL-1β (10 ng/mL; PeproTech, Rocky Hill, New Jersey)+TNF-α (50 ng/mL; PeproTech, Rocky Hill, NJ), ITDL group: IL-1β (10 ng/mL)+TNF-α (50 ng/mL)+DAPT (5 μmol/mL, MCE; New Jersey), ITDH group: IL-1β (10 ng/mL)+TNF-α (50 ng/mL)+DAPT (20 μmol/mL). The mouse intervertebral disc was cultivated for 3 and 10 days.
| Plasmids and lentiviral particle transduction
Plasmids with overexpression of NICD structural domain were purchased from GENECHEM Company (Shanghai, China; Table 1 
| Culture of mouse intervertebral disks
For the organ culture of mouse intervertebral disks, mice under carbon dioxide anesthesia were killed by cervical dislocation and soaked in 75% alcohol for 5 minutes before sterile operation on the super clean bench. Segments were removed from the lumbar spines of the mice with back-cuts. The intervertebral disks L2-3 and L3-4 (including the upper and lower endplates) were dissected and cultured on a 6-pore plate, with 4 mL of the culture medium added to each plate. The mouse intervertebral disks were cultured and placed in an incubator containing 5% CO 2 and at 37°C, with the medium changed every other day. The culture media for the mouse intervertebral disks contained 10% FBS (Hyclone, Logan City, Utah), 1%
double-antibody (streptomycin+penicillin; Gibco, Grand Island, NY), and 1:1 DMEM/F12 (Hyclone, South Logan, UT) in the volume fraction.
| Cell culture
hNPCs (ScienCell 4800, Carlsbad, CA) and cell-specific media (4801) were purchased from ScienCell. hNPCs were cultured at 37°C/5% CO 2 , and then grown to 90% confluence. HNPCs within the five passages of subculture were then collected for the subsequent experiments. The 293T cells were purchased from Chinese Academy of Sciences cell bank (Shanghai, China). The cells were cultured with 1640 medium (Gbico) contained 10% fetal bovine serum (Hyclone, Utah), 1% double-antibody (streptomycin+penicillin; Gibco).
| Immunohistochemistry
For the ColⅡ immunohistochemistry, The paraffin sections were de-waxed, dehydrated, and incubated overnight at 4°C with anti-ColⅡ (diluted by 1:100; Abcam, Cambridge, UK). After the primary antibody was removed, the secondary antibody (diluted by 1:100; Thermo, Waltham, MA) was added; and, the sections after being incubated for 1 hour at room temperature. The stained cells were developed with diaminobenzidine, counterstained with hematoxylin.
| Nuclear protein extraction and Western blot analysis
Cells were placed on ice immediately following treatment and washed with ice-cold Hankʼs balanced salt solution. Nuclear proteins were prepared using the CellLytic NuCLEAR extraction kit (Sigma-Aldrich, St. Louis, MO). All the wash buffers and final resuspension buffer included 1× protease inhibitor cocktail (Pierce, Rockford, IL), NaF (5 mM), and Na3VO4 (200 mM). The protein concentration of the lysate was measured using the BCA protein assay kit (Thermo Fisher Scientific, Boston, MA). Nuclear or total cell proteins were resolved on 8% to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred by electroblotting to nitrocellulose membranes (Bio-Rad, Hercules, CA). The membranes were blocked in nonfat dry milk solution and incubated overnight at 4°C with ColⅡ (1:1000), aggrecan (1:1000), Runx2
(1:1000), ColX (1:1000), p65 (1:1000), p50 (1:1000), p52 (1:500), RelB (1:500), cRel (1:1000), and NICD1 (1:1000) primary antibody dilution buffer and then incubated with horseradish peroxidase-conjugated anti-rabbit IgG (1:5000) for 2 hours. Afterwards, the membranes were developed using the enhanced
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chemiluminescence substrate LumiGLO (Millipore, Bedford, MA) and exposed to X-ray film. The bands were analyzed with Gel-Pro Analyzer 4.0.
| Immunoprecipitation
For immunoprecipitation (IP), the cells were cultured in a 10 cm cell culture dish, and a precooled IP lysis liquid was added to digest the cells in an EP tube at 4°C. The resulting mixture was then centrifuged at 14 000g for 15 minutes. The supernatant was collected via the Bradford method, and a protein standard curve was plotted. The protein concentration was also determined. The same mass protein was obtained and mixed at the same volume after the supernatant was transferred. An antibody was added according to a volume-to-volume ratio of 100:1 and at 4℃. The container with the obtained mixture was inverted and incubated for 2 hours. Afterward, 5 μL of protein A/G magnetic beads were added at 4°C. The container with these beads was also placed upside down and incubated overnight. The supernatant was removed from the magnetic rack, and the magnetic bead was cleaned. Subsequently, 40-60 μL of the loading sample buffer solution was added and boiled for 10 minutes. The liquid was removed from the magnetic rack, loaded, and stored at −80°C for electrophoresis.
| RNA isolation and quantitative reverse transcription-polymerase chain reaction
Primers for real time polymerase chain reaction (PCR) listed in Table 1 were designed using Primer-BLAST (http://www. ncbi.nlm.nih.gov/tools/primer-blast/). Total RNA from hNPCs was isolated with Trizol® Reagent (Invitrogen, Carlsbad, CA), and cDNA was synthesized by First Strand cDNA Synthesis Kit (Thermo, Waltham, MA) according to the manufacturerʼs instructions. Quantitative reverse transcription-PCR (qRT-PCR) was performed by using iQ5 optical system software (Bio-Rad Laboratories, Hercules, CA) with Fast Start Universal SYBR Green Master (ROX; Recho, Basel, Switzerland) for mRNA quantitation of all referred genes. Relative expression was calculated using the 2 −ΔΔCt method normalized to GAPDH (endogenous loading control).
| Statistical analysis
SPSS 19.0 statistical software (SPSS, Inc, Chicago, IL) was used for all statistical analysis. The measurements were presented as mean ± standard deviation, and data were analyzed using one-way analysis of variance followed by a Bonferroniʼs post-hoc test for multiple comparisons.
P < 0.05 was considered to indicate a statistically significant difference.
3 | RESULTS 3.1 | DAPT attenuated the degeneration of nucleus pulposus cells induced by IL-1β and TNF-α in a mouse intervertebral disc organ culture
The effect of DAPT on a degeneration model using a mouse intervertebral disc organ culture was evaluated according to previously described methods. 13 The content of ColⅡ in the intervertebral disc of the induced degeneration group decreased significantly, and the content of ColⅡ increased as the concentration of DAPT in the culture medium increased. Immunohistochemical staining revealed a significantly increased ColⅡ content after DAPT was added to the degenerative group in Figure 1A and 1C. ColⅡ and aggrecan in nucleus pulposus cells must be secreted to maintain the physiological function of the intervertebral disc. As such, we determined the effect of DAPT on the secretion of aggrecan in the degenerated intervertebral disks. The secretion of aggrecan was inhibited in the degenerative group. Such inhibition was reduced, and the distribution of aggrecan was increased in the DAPT group ( Figure 1B  and 1D) . A statistical histogram showed a statistically significant increase in the ColⅡ and aggrecan distribution ( Figure 1E -H).
3.2 | Effects of DAPT on the IL-1β and TNF-α expression induced in hNPCs in relation to intervertebral disc degeneration-associated proteins and transcription factors
Nucleus pulposus cells are chondrocytes, and their secretion of ColⅡ and aggrecan is consistent with the mechanism of chondrocyte regulation. Their secretion in mature nucleus pulposus cells is regulated by Runx2. In our study, we detected ColⅡ and aggrecan levels secreted by hNPCs at 24 and 48 hours and found that ColⅡ and aggrecan were significantly inhibited by IL-1β and TNF-α at these time points. The inhibition of the expression rate was reduced after DAPT was added. ColⅡ and aggrecan secretion levels increased in a concentration-dependent manner (Figure 2A-D) . We also showed that the expression pattern of the regulatory factor of Runx2 was consistent with those of ColⅡ and aggrecan ( Figure 2C and 2D) . IL-1β and TNF-α induce hNPC degeneration, indicating the aging of hNPCs. As such, we determined the expression level of hNPCs at 48 hours and observed that IL-1β and TNF-α induced the expression of ColX, but this expression decreased after DAPT was added, suggesting that DAPT could antagonize hNPC degeneration induced by IL-1β and TNF-α ( Figure 2E ). We further examined the transcription factors of Runx2 and ColX and revealed that they were consistent with their protein expression levels ( Figure 2F and 2G ). p65-p50 translocates into the nucleus, and p65 acetylation determines the activation level of the p65-p50 dimer in the nucleus. The acetylated p65 moves out of the nucleus and forms a stable trimer with IκB and p50, resulting in the deactivation of the p65-p50 dimer signaling pathway. In our TNF-α stimulation, the p65 phosphorylation level in hNPCs was high within 15 minutes to 6 hours ( Figure 3A) . In previous experiments, DAPT inhibition and NICD1 shearing and nucleation at 2 hours is evident in hNPCs. Therefore, we examined the IL-1β and TNF-α-induced Notch and NF-κB signaling pathways at 2 hours and detected the phosphorylation and acetylation levels of p65 at the same time point. Our results demonstrated that with IL-1β and TNF-α induction, the p65 phosphorylation and acetylation levels significantly declined after DAPT was added ( Figure 3B-E) . The high-concentration DAPT suppression was obvious, indicating that DAPT inhibits the activation of the NF-κB signaling pathway by blocking the classical NF-κB p65 pathways.
| Suppression of IL-1β-and
TNF-α-induced nucleation of p65, p50, p52, and RelB BY DAPT
In an activated NF-κB signaling pathway, the corresponding target gene is stimulated by five subunits, and each hours (normalized to GAPDH). *P < 0.05, **P < 0.01. ColⅡ, type II collagen; hNPCs, human nucleus pulposus cells subunit forms a homologous or heterologous dimer in the nucleus. P65 phosphorylation is related to the dimer nucleation associated with p65, whereas p65 acetylation is linked with the dimer out of the nucleus associated with p65. The activation level of the NF-κB signaling pathway is also correlated with the level of the NF-κB subunits in the nucleus. As such, we examined the levels of the NF-κB subunits in the nucleus and found that the expression levels of p65, P50, P52, and RelB were significantly higher during IL-1β and TNF-α induction at 2 hours. In comparison, the expressions of the four types of subunits decreased after DAPT was added. These results suggested that the inhibition of the NF-κB signaling pathway was related to the intracellular domain of Notch1 ( Figure 4A-E) . On the basis of this observation, we identified the expression level of NICD1 in the nucleus at 2 hours and showed that the expression level of the type four subunit was consistent with the significant difference ( Figure 4F -J).
| IL-1β-and TNF-α-promoted combination of NICD1 with p65 and p50
In hNPCs and under IL-1β and TNF-α induction, DAPT, as a specific inhibitor of the Notch signaling pathway, can inhibit the phosphorylation and acetylation of p65 as well as the nucleation of p65, P50, P52, and RelB. We hypothesized that the combination of NICD1 and NF-κB subunits promoted the phosphorylation and acetylation of p65 as well as the nucleation of each subunit. We determined the and TNF-α increased the combination of NICD1 with p65 and p50, and the combination reduced after the reduction of NICD1 release ( Figure 5A and 5B). These findings indicated that the activation of the NF-κB p65 signaling pathway in hNPCs required NICD1 release.
| Plasmid transfected 293t cells validated the NICD1 and p65 binding domains, NICD1, and p65 binding site in the ANK domain
We divided NICD1 into a three-segment structural domain to build a plasmid: (a) overexpressed RAM+ANK structural domain; (b) overexpressed RAM+TAD+PEST structural domain (including the CSL domain); and (c) overexpressed ANK+TAD+PEST structural domain ( Figure 6A ). After three-segment structural domain plasmids were transfected into 293T cells, Western blot displays that the transfection succeeded with the NICD1 structural domain (Figure 6B-D) . Three of the expression plasmids transfected 293T cells to validate the NICD1 structural domain binding to p65. Under IL-1β and TNF-α induction, the transfected RAM +ANK-Flag and ANK+TAD+PEST-Flag plasmids still possessed NICD1 combined with p65 ( Figure 6E and 6G) . After the RAM+TAD+PEST-Flag structural domain (including the CSL structural domain) plasmid was overexpressed under IL-1β and TNF-α induction, the 293T cells could not undergo NICD1 and p65 binding ( Figure 6F ). Under IL-1β and TNF-α induction, ANK is the binding site of NICD1 and p65. The ANK domain found in the 293T cells is the binding site of NICD1 and p65. We used a lentiviral vector with the overexpression of the RAM+TAD+PEST-Flag structural domain in hNPCs. IP revealed that NICD1 in the absence of the ANK region could not combine with p65 induced by IL-1β and TNF-α in hNPCs ( Figure 7A and 7B).
| DISCUSSION
The NF-κB signaling pathway is activated in intervertebral disc degeneration and considered the main pathway of inflammation-induced intervertebral disc degeneration.
14 NF-κB is the major and common activation signaling pathway of IL-1β and TNF-α. NF-κB has five types of subunits: p65 (RelA), P50, P52, RelB, and Rel (cRel). They form a homologous or heterologous dimer in cells, in which p65-P50 is widely distributed. They also play a major role in the activation of classical NF-κB signaling pathways. In the resting state of the NF-κB signaling pathway, the combination of a subunit and an inhibitory factor forms IκB, and a homologous or heterologous dimer is released after ubiquitination and phosphorylation occur under the action of Il-1β, TNF-α, and LPs. A downstream effect is then produced by nucleation. 15 In the activation of NF-κB and Notch signaling pathways in many inflammation-related diseases, 9-12 a series of activation processes may occur in intervertebral disc degeneration. The NF-kB signaling pathway activates the downstream effect after several dimers are stimulated, and the classical Notch signaling pathway requires the release of the intracellular domain of a Notch receptor. 16 However, whether inflammation associated with nucleus pulposus cells can be regulated through the Notch signaling pathway remains unknown.
As such, we developed a model of inflammatory factorinduced intervertebral disc and nucleus pulposus cell degeneration using DAPT and used it in this study. In a previous study, DAPT reversed the IL-1β-and TNF-α-induced degeneration of the intervertebral disc and nucleus pulposus cells, whose IL-1β-and TNF-α-induced degeneration was likely controlled by DAPT through the modulation of the NF-κB signaling pathway. NF-κB is activated by polymer nucleation, and such activation is terminated in the nucleus of an NF-κB subunit because the distribution and effect of p65-p50 are extensive. 17 As such, we mainly examined the p65-p50 dimer. We found that DAPT could inhibit p65 phosphorylation, indicating that DAPT prevented NF-κB activation. DAPT also blocks the acetylation of p65, which triggers transcription factors after the p65-p50 dimer is phosphorylated, and histone acetyltransferases in the nucleus of p65 are acetylated. P65 acetylation results in reduced adhesion to IκBα and the continuous activation of NF-κB signaling pathways. However, intracellular histone deacetylation enzyme causes p65 acetylation, thereby enhancing the p65 and IκBα binding ability to transport the complex cell nucleus via a nuclear transport protein (CRMI). 18 This system exists in organisms and acts as an effective device to prevent the activation of the NF-κB signal. Therefore, DAPT not only suppresses NF-κB activation but also terminates the activation of the existing NF-κB. We examined the expression levels of NF-κB subunits in the nucleus and confirmed that DAPT could inhibit the IL-1β-and TNF-α-induced nucleation of p65, P50, p52, and RelB. DAPT inhibits the phosphorylation and acetylation of p65 as well as the nucleation of related subunits. IL-1β and TNF-α also induce NICD1 release in human myeloid cells. As such, we speculated that NICD1 could be combined with NF-κB subunits or other effector proteins. IP also revealed that the combination of NICD1 and p65 induced by IL-1β and TNF-α was increased, thereby confirming our assumption that NICD1 and p65 were combined in hNPCs to stimulate the phosphorylation and acetylation of p65.
The Notch1 receptor is a 300 kDa single transmembrane protein composed of 2753 amino acid residues, a carboxyl terminal in the cytoplasm, and an amino terminal outside the cytoplasm. 19 Notch receptors release the active intracellular part after shearing and participate in the activation of the downstream signaling pathway. The sheared portion is located in the transmembrane area. The Notch1 intracellular region contains the following structures: (a) RAM structural domain (high affinity CSL binding site), whose main function is to combine with CBF1/RbJ-jk, such as in downstream signaling proteins; (b) 6 cdc10 (cell division cycle gene 10) repeat area/anchor protein (ANK), whose function with Deltex, the mastermind, and other downstream signals are combined to modify the pathway; (c) is located at the two ends of the anchor protein and two nuclear localization signals; (d) TAD; and (e) PEST structural domain (praline, glutamate, serine, threoninerich domain), the area rich in proline (P), glutamic acid (E), serine (S) and threonine (T), mainly involved in Notch protein degradation. 20 We hypothesized that the RAM or ANK zone of NICD1 is the binding site of p65. As such, the design of the overexpressed plasmids involved NICD1 with three segments: (a) RAM+ANK structural domain, (b) RAM+TAD+PEST structural domain (including the CSL structural domain), and (c) ANK+TAD+PEST structural domain. We used 293T cells to verify the binding site of NICD1 and p65, and our results confirmed that the ANK area is a combined site of NICD1 and p65. Therefore, we used a slow virus to pack the ANK area, to remove the carrier-transfected hNPCs and to verify the association of NICD1 with the binding site of p65. IP confirms that the ANK area is the NICD1 and p65 combined site. Thus, our results supported our previous observations that the ANK area is the binding site of Notch1 NICD1 for p65. NICD1 activates p65 phosphorylation and acetylation by combining ANK areas with p65 to adjust the activation state of the signaling pathway in the domain (Figure 8 ).
This study was limited by its inability to address problems associated with intervertebral disc medication and drug penetration difficulties. 21 Oral administration easily causes toxic side effects on tissues, and local puncture to administer drugs is invasive, has a complex operation and has limited application. 22 This study also failed to deeply examine the ANK region combining with the NF-κB subunits. In fact, we found the combination phenomenon of NICD1 and P50, but such combination could not be ruled out because the combination between p65 and p50 could induce the IP of p50. However, we should note that the direct combination of NICD1 with P50 leads to coprecipitation. Therefore, followup research should be performed. This study provided a basis for further research on intervertebral disc degeneration under the action of inflammatory factors. Previous studies on the activation of the NF-kB signaling pathway were complicated. The NF-κB signaling pathway is also complex, and many activation mechanisms, such as Wnt and PI3K, are involved in the signaling pathway. 23, 24 Therefore, the specificity of the suppression of the NF-kB signaling pathway to a target point is ineffective. Currently, studies have focused on the series activation of the NF-κB signaling pathway and other signaling pathways, indicating that the NF-κB signaling pathway cannot be limited to key nodes implicated in the activation of the NF-κB signaling pathways in series with other signaling pathways. Although previous studies involved protein-protein interactions, in-depth structural domain studies have yet to be performed. Consequently, difficulties arise in specifically examining the targeted inhibition of the NF-κB signaling pathway activation. Our results also provided insights into the activation of Notch and NF-κB signaling pathways in series. However, the inhibition of NICD1 in the ANK region can prevent the activation of the NF-κB signaling pathway.
| CONCLUSIONS
The following conclusions can be drawn from the study: (a) DAPT reversed IL-1β-and TNF-α-induced degeneration of intervertebral disks and human myeloid cells; (b) in hNPCs, DAPT suppressed p65 phosphorylation and acetylation by preventing the release of NICD1, thereby inhibiting the activation of the NF-κB signaling pathway; (c) in hNPCs, p65 phosphorylation and acetylation should be combined with the ANK domain of NICD1.
